Sensitivity Analysis of Saturated Steam Production in Parabolic Trough Collectors  by Valenzuela, Loreto et al.
 Energy Procedia  30 ( 2012 )  765 – 774 
1876-6102 © 2012 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of PSE AG
doi: 10.1016/j.egypro.2012.11.087 
SHC 2012 
Sensitivity analysis of saturated steam production in parabolic 
trough collectors 
Loreto Valenzuela*a, David Hernández-Lobónb, Eduardo Zarzaa 
aCIEMAT, Plataforma Solar de Almería, Crta. Senes, s/n, Tabernas, Almeria, E04200, Spain 
 bConvenio Universidad de Almería-Plataforma Solar de Almería, Crta. Senes, s/n, Tabernas, Almeria, E04200, Spain 
 
Abstract 
Thermal and synthetic oil is the most common fluid used as heat transfer fluid in parabolic trough collectors for steam 
generation or producing high volumes of hot water. The solar field configuration using oil is the unfired-boiler 
configuration. The use of water as alternative heat transfer fluid is not new but is not extended. This paper presents 
numerical results related to the thermal-hydraulic behavior of solar fields producing saturated steam for industrial 
process heat applications considering two different types of small sized parabolic-trough collectors which are 
available in the market. A sensitivity analysis was conducted considering different design criteria and working 
conditions. The effect of inlet water pressure, temperature and DNI is analyzed. One of the conclusions extracted 
from the numerical results is that low working pressures can originate high pressure losses in the solar field 
depending on the absorber pipe diameter and steam pressure and, consequently, steam temperature in the solar field 
outlet can vary a lot even under small transients.  
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1. Introduction 
Parabolic trough power plants with direct steam generation technology are a promising option to 
produce electricity from renewable energy sources but also for supplying steam to industrial processes. 
This technology has the potential to be more cost-effective than oil based systems.  
First experiences with parabolic trough collector (PTC) technology using thermal oil as heat transfer 
fluid occurred in the 80s and were initially developed for industrial process heat (IPH) applications but the 
manufacturers found different barriers to successful deployment of this technology, i.e. strong marketing 
and engineering effort was required, even for small projects; most potential industrial customers had 
cumbersome decision-making processes, resulting in a negative decision after considerable effort had 
already been done; and the rate of return for IPH projects did not always meet industry criteria [1].    
According to the IEA statistics [2], industry is one of the major energy consumers worldwide and most 
of this demand is below 300°C. The renewed interest in renewable energy and, in particular, in 
concentrated solar energy systems, led to the development of new projects in the last five years to exploit 
the use of PTCs for IPH applications. Within this context some of these projects developed, among others, 
have been the project P3 [3] and El-Nasr pharmaceutical solar process heat project [4]. In these solar 
fields the heat transfer fluid used is water.   
Compared to produce pressurized hot water in PTC solar fields, direct steam generation originates 
pressure losses that are considerably higher than those occurring when there is liquid inside the absorber 
pipes. Taking this fact into account, for any particular IPH application demanding thermal energy in the 
form of steam, it could be found that, during the first steps of the design, there are some configurations or 
operating conditions that are not feasible. For the study presented in this paper, two different PTCs 
available in the market are used to configure the collector loop of a hypothetical solar field supplying 
energy to an industrial process. A sensitivity analysis is conducted with the aim of demonstrating that a 
good selection of the collector type, number of collectors per loop, and operating conditions make 
attractive the use of DSG technology in PTCs systems for IPH applications. Section 2 describes the 
methodology followed to perform this study and section 3 details the numerical results obtained and their 
discussion.  
 
 
Nomenclature 
 
ṁ Mass flow, kg/s 
st Solar time 
P Pressure, MPa 
T Temperature, °C 
X Steam fraction, - 
 
Subscripts 
i Inlet 
o Outlet 
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Acronyms 
 
DNI Direct Normal Irradiance  
EV Evaporation section 
IPH Industrial Process Heat 
PH Preheating section 
PTC Parabolic Trough Collector  
PSA  Plataforma Solar de Almería 
SH Superheating section 
2. Methodology 
The numerical study is based on steady-state process modeling. This deals with the general problem of 
solving the behavior of interconnected system units with streams of energy, momentum and mass 
between them. The software tool is developed in the MatLab/Simulink® environment and allows 
simulating single phase flow but also two-phase water-steam flow in PTCs [5]. 
A sensitivity analysis is conducted considering different design criteria. Concerning the collector 
geometry, the two PTCs selected present different absorber diameter, which is particularly important from 
the hydraulic point of view. 
To perform the analysis, first it is selected a specific geographical location, date and time for the 
design point. A hypothetic industrial process heat demand in terms of temperature level is also 
established. From this temperature range, two working pressure values are defined. Once these 
parameters are established, several collector-loop lengths are analyzed running simulations to fit mass 
flow rates at the inlet for getting saturated steam at the collector-loop outlet and steam fractions above 
0.5. Once the collector-loop lengths are fixed, one per PTC type, a sensitivity analysis is done to evaluate 
the effect of inlet water temperature, pressure, mass flow rate, and DNI in the pressure losses occurred in 
the collector loop, in the outlet steam fraction, and in the outlet steam temperature.  
2.1. Models or empirical correlations 
The mathematical model programmed requires local information about friction factor, convective heat 
transfer coefficient and the void fraction (steam fraction). This information is generally obtained from 
empirical or semi-empirical correlations.  
 
Single-phase flow 
 
The heat transfer coefficients for fully developed single-phase liquid only or dry steam regions are 
calculated using the Dittus-Boelter equation [6].  
The frictional pressure drop is evaluated by the Darcy equation. To calculate the Fanning factor, it is 
used the Chen’s equation [7]. 
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Two-phase flow 
 
The heat transfer coefficient for two-phase flow is calculated following the expression proposed by 
Kandlikar [8]. The flow is divided into two patterns to calculate the heat transfer coefficient in the two-
phase zone: nucleate boiling region and convective boiling region.  
For determining the frictional pressure losses in hydraulic components, it is necessary to know the 
density and viscosity of each water phase (liquid flow or vapor). Pressure losses are calculated for single-
phase flow but should be corrected by a factor obtained from one of the empirical or semi-empirical 
correlations which are available in the literature. For straight pipes of diameter and with mass flux similar 
to those considered in the study presented, one of the correlations that better approximates experimental is 
the one proposed by Friedel [9]. Chisholm correlation is used to determine the two-phase flow multiplier 
in elbows [10].   
2.2. Description of the PTCs selected 
The two parabolic trough collectors available in the market and especially designed for IPH 
applications selected are, on one hand, the PTC Capsol designed within the frame of a Spanish project 
and commercialized by Composites&Sol [11] and, on the other hand, the PTC PolyTrough 1200 
commercialized by NEP [12]. The selection of these two particular PTCs has been done due to, although 
the aperture area is quite similar, the receiver pipe in both collectors has different diameter and this fact 
conditions the thermal-hydraulic results when water/steam is used as heat transfer fluid.  
The PTC Capsol has an aperture of 1.0 m and for the study the collector length considered is 20 m (10 
modules; a module is 2 m long). The inner diameter of its absorber pipe is 15 mm.  
The  PTC PolyTrough 1200 has an aperture of 1.2 m and a length of 24 m (10 modules; a module is 
2.4 m long). The inner diameter of its absorber pipe is 25 mm.  
Some characteristics of both collectors are detailed in Table 1. 
 
Table 1. List of some parameters of Capsol and PolyTrough 1200 collectors 
Parameter Capsol prototype PolyTrough 1200 
Aperture (m) 1.0 1.2 
Length (m) 20.0 (2.0 m x 10 modules) 24.0 (2.4 m x 10 modules) 
Absorber’s inner diameter (m) 0.015 0.025 
Absorber pipe roughness (m) 0.00003 0.00003 
Peak optical-geometrical efficiency (-) 0.63 0.67 
 
3. Results and discussion 
3.1. Input data for the sensitivity analysis 
First step in the analysis is to define a process demand in terms of temperature increment to be 
achieved in the solar field and optimize the collector loop length to guarantee turbulent flow inside the 
pipes but maintaining pressure losses as small as possible. The definition done is an inlet temperature 
around 70°C and outlet temperature within the range 190- 200°C. 
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The Capsol-collector loop is composed by 6 units, so the collector-loop length is 120 m and the total 
mirror surface is 120 m2.  
The PolyTrough1200-collector loop is composed by 4 units, the total length is 96 m and the total 
mirror surface is 115.2 m2.  
For the sensitivity analysis two inlet fluid pressures, 1.5 MPa and 2.0 MPa, and two feed-water 
temperatures, 70°C and 100°C, are considered. Three values of inlet mass flow rate are considered in all 
the cases, 0.015 kg/s, 0.020 kg/s, and 0.025 kg/s. DNI is also varied to complete the study. The effect of a 
change of the incidence angle value has the same effect of a decrease in DNI, so a change of this variable 
has been avoided in the sensitivity analysis. 
Table 2 summarizes the base design and operating conditions of the two collector loops considered and 
these input data used for the sensitivity analysis. 
Table 2. Base design and operating conditions and inlets used for the sensitivity analysis 
Parameter Capsol PolyTrough 1200 
Location PSA, Tabernas (Latitude 37°05'28" N, Longitude 2°21'19" W) 
Date  June 21st, 12:00 st June 21st, 12:00 st 
Collector axis orientation North-South North-South 
Collectors per loop (-) 6 4 
Ambient temperature (°C)  25 25 
DNI (W/m2)  850† / {450, 650, 750, 850}* 850† / {450, 650, 750, 850}* 
Inlet pressure, collector loop (MPa) 1.5† / {1.5, 2.0}* 1.5†/ {1.5, 2.0}* 
Inlet temperature, collector loop (°C) 70†/ {70, 100}* 70†/ {70, 100}* 
† Base operating conditions 
* Inlets for the sensitivity analysis 
3.2. Effect of inlet water pressure 
The effect of an increment of inlet water pressure, from 1.5 MPa to 2.0 MPa, is studied in this sub-
section. The numerical results included in Table 3 have been obtained considering that water temperature 
in the collector-loop inlet is 70°C, the DNI value is equal to 850 W/m2, and the incidence angle of direct 
solar radiation on the collector aperture is that corresponding to the 12:00 a.m. (solar time) of June 21st, 
which is approximately 14°.  
In this sub-section there are not included numerical results considering inlet water pressures below 1.5 
MPa due to some results obtained when the PTC Capsol is used, which are related to particular operating 
conditions, show that pressure losses are so high that DSG in the absorber pipes will not be feasible [13]. 
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Table 3. Summary of numerical results varying inlet water pressure 
 
Collector Capsol PolyTrough 1200 
Pi      
(MPa) 
ṁi      
(kg/s) 
Pressure losses (MPa) Xo     
(-) 
To     
(°C) 
Pressure losses (MPa) Xo     
(-) 
To     
(°C) 
PH EV SH PH EV SH 
1.5 0.015 2.1·10-4 0.297 - 0.78 188 0.3·10-4 0.061 2.6·10-4 1.00 199 
0.020 4.7·10-4 0.216 - 0.54 191 0.6·10-4 0.051 - 0.78 197 
0.025 9.0·10-4 0.164 - 0.40 193 1.0·10-4 0.041 - 0.63 197 
2.0 0.015 2.6·10-4 0.074 - 0.57 210 0.4·10-4 0.031 1.9·10-4 1.00 212 
0.020 5.9·10-4 0.056 - 0.38 211 0.7·10-4 0.026 - 0.77 212 
0.025 1.1·10-3 0.045 - 0.28 211 1.1·10-4 0.020 - 0.61 212 
 
The effect of varying the inlet water pressure from 1.5 MPa to 2.0 MPa in pressure losses, when inlet 
water flow is adjusted to guarantee there is saturated steam at the collector loop outlet, can be observed in 
Figure 1. Figure 1 depicts total pressure losses in the collector loops. Table 3 includes the summary of 
numerical results obtained and detailed pressure losses by collector-loop sections, i.e. PH for water 
preheating section, EV for evaporation section, and SH for steam superheating section.   
When the inlet water pressure is 1.5 MPa, pressure losses have the major impact in the collector-loop 
performance when PTC Capsol is used; pressure losses represent up to a 20% of the inlet pressure when 
the inlet mass flow is 0.015 kg/s. This collector has the absorber pipe with smaller diameter and friction is 
more relevant. But when inlet water pressure is increased up to 2.0 MPa, pressure losses diminished to 
25% of pressure losses occurred when inlet pressure is 1.5 MPa. Therefore, the outlet steam temperature 
is maintained quite constant even when mass flow rate varies.  
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Fig. 1. Effect of inlet pressure on pressure losses, outlet steam fraction, and outlet temperature: (a) Capsol; (b) PolyTrough 1200 
Concerning the effect of inlet water pressure in the PolyTrough1200-collector loop, pressure losses are 
small compared to working pressure and consequently, for the mass flow rates considered, outlet steam 
temperature does not vary unless superheated steam is generated at the collector loop outlet.  
For IPH applications demanding saturated steam at lower temperature than those considered in this 
study, for instance in the range from 160°C to 180°C, which is equivalent to steam pressure in the range 
0.6 MPa to 1.0 MPa, it is advisable the use of a PTC with absorber pipes of diameter greater than 20 mm 
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if steam is generated directly in the solar field. In other case, pressure losses will be so high that DSG 
process will be unaffordable.   
3.3. Effect of inlet water temperature 
In this sub-section, it is analyzed the effect of an increase in the water temperature from 70°C to 100°C 
at the inlet of the collector-loop.  The numerical results included in Table 4 have been obtained 
considering that water pressure in the collector-loop inlet is 1.5 MPa, the DNI value is equal to 850 W/m2, 
and the incidence angle of direct solar radiation is 14°. 
Table 4. Summary of numerical results varying inlet water temperature 
Collector Capsol PolyTrough 1200 
Ti         
(°C) 
ṁi      
(kg/s) 
Pressure losses (MPa) Xo     
(-) 
To     
(°C) 
Pressure losses (MPa) Xo     
(-) 
To     
(°C) 
PH EV SH PH EV SH 
70 0.015 2.1·10-4 0.297 - 0.78 188 0.3·10-4 0.061 2.6·10-4 1.00 199 
0.020 4.7·10-4 0.216 - 0.54 191 0.6·10-4 0.051 - 0.78 197 
0.025 9.0·10-4 0.164 - 0.40 193 1.0·10-4 0.041 - 0.63 197 
100 0.015 1.7·10-4 0.347 - 0.82 186 0.3·10-4 0.061 1.4·10-3 1.00 249 
0.020 3.8·10-4 0.264 - 0.58 189 0.5·10-4 0.065 - 0.85 196 
0.025 7.2·10-4 0.211 - 0.43 191 0.8·10-4 0.055 - 0.69 197 
 
The information in Table 4 is plotted in Figure 2. In Figure 2 pressure losses displayed are for the 
whole collector loops. Increasing the inlet water temperature means a reduction of the collector-loop zone 
for water preheating, an enlargement of the collector-loop zone for evaporation and, therefore, an increase 
of pressure losses in the solar field. This rise in pressure losses is clearer in the Capsol-collector loop, due 
to the smaller diameter of its absorber pipe compared to PolyTrough 1200, and for the same mass flow 
rate, friction is higher. 
In relation to the Capsol-collector loop behavior, it can be observed that the increase of 30°C in inlet 
temperature causes an increase of outlet steam fraction for all inlet mass flow rates considered without 
leading to dry steam. For both inlet water temperatures considered, outlet steam temperature varies 
around 5°C when inlet mass flow rate varies from 0.015 kg/s to 0.025 kg/s. These variations in 
temperature are due to the scale of pressure losses.     
Concerning the behavior of the PolyTrough 1200-collector loop for both inlet water temperatures, i.e. 
70°C and 100°C, there is dry steam at the collector-loop outlet when mass flow rate is 0.015 kg/s. With 
inlet temperature equal to 100°C, the outlet steam temperature rises to 250°C but even with superheated 
steam, pressure losses in the collector loop continue being not so high. For higher mass flow rates the 
steam fraction in the collector-loop outlet is below 1 and, as pressure losses in this collector-loop are quite 
small compared to working pressure, the temperature of outlet water-steam mixture is maintained around 
197°C for both inlet temperatures.     
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Fig. 2. Effect of inlet temperature on pressure losses, outlet steam fraction, and outlet temperature: (a) Capsol; (b) PolyTrough 1200 
3.4. Effect of DNI 
The effect of DNI in pressure losses and steam fraction at the outlet of each collector loop is also 
evaluated. Four values of DNI are considered, from 450 W/m2 to 850 W/m2. The set of numerical results 
are detailed in Table 5. 
Table 5. Summary of numerical results varying DNI 
Collector Capsol PolyTrough 1200 
DNI 
(W/m2) 
ṁi      
(kg/s) 
Pressure losses (MPa) Xo     
(-) 
To     
(°C) 
Pressure losses (MPa) Xo     
(-) 
To     
(°C) 
PH EV SH PH EV SH 
450 0.015 3.9·10-4 0.040 - 0.32 197 0.7·10-4 0.008 - 0.40 198 
0.020 9.0·10-4 0.027 - 0.20 197 1.2·10-4 0.005 - 0.28 198 
0.025 1.7·10-3 0.021 - 0.12 197 1.9·10-4 0.004 - 0.20 198 
650 0.015 2.8·10-4 0.125 - 0.55 194 0.4·10-4 0.028 - 0.70 197 
0.020 6.0·10-4 0.089 - 0.37 195 0.8·10-4 0.021 - 0.53 198 
0.025 1.2·10-3 0.067 - 0.26 196 1.3·10-4 0.016 - 0.41 198 
750 0.015 2.4·10-4 0.196 - 0.66 192 0.4·10-4 0.044 - 0.85 197 
0.020 5.4·10-4 0.142 - 0.45 194 0.7·10-4 0.034 - 0.66 197 
0.025 1.0·10-3 0.107 - 0.33 195 1.2·10-4 0.027 - 0.52 197 
850 0.015 2.1·10-4 0.297 - 0.78 188 0.3·10-4 0.061 2.6·10-4 1.00 199 
0.020 4.7·10-4 0.216 - 0.54 191 0.6·10-4 0.051 - 0.78 197 
0.025 9.0·10-4 0.164 - 0.40 193 1.0·10-4 0.041 - 0.63 197 
 
Starting the discussion of results with those obtained for the Capsol-collector loop, data displayed in 
Figure 3 (a) show that there is steam at the collector loop outlet in all analyzed cases, varying the steam 
fraction from 0.12 when mass flow rate is 0.025 kg/s and DNI is 450 W/m2, up to 0.78 when mass flow 
rate is 0.015 kg/s and DNI is 850 W/m2. For these end cases, pressure losses vary from 0.021 MPa, which 
represents 1.4% of inlet pressure, up to 0.297 MPa, which means 20% of inlet pressure. The outlet steam 
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temperature is more constant versus mass flow rate when DNI is low (see Figure 3(a)), although steam 
fraction is much lower than steam fraction when DNI is 850 W/m2. When DNI is 850 W/m2, the outlet 
steam temperature varies up to 5°C when mass flow rate changes due to the impact of pressure losses. So 
with this collector-loop design is much easier to maintain outlet water-steam quality, i.e. outlet pressure 
and temperature, with low DNI values against high DNI values, although steam fraction and 
consequently, energy content of the water-steam mixture, is logically lower.         
Regarding the PolyTrough 1200-collector loop performance, steam production is also guaranteed in all 
cases considered and the outlet steam fraction varies from 0.2 to 1.0. In this case, as the absorber pipe 
diameter is higher compared to Capsol absorber-pipe diameter, pressure losses in the worst case mean 4% 
of inlet pressure and occur when mass flow rate is 0.015 kg/s, the DNI is 850 W/m2, and there is 
superheated steam in the outlet of the collector loop. The effect of pressure losses in the collector-loop 
performance is quite little and the temperature of the outlet water-steam mixtures can be maintained 
constant for changes in DNI and mass flow rate within the ranges specified. Outlet steam temperature 
varies between 197°C and 198°C (see Figure 3(b)). 
When DNI is around 450 W/m2, the steam temperature at the outlet of both collector loops differs only 
1°C, although steam fraction is lightly lower in the Capsol-collector loop. The inlet water pressure and 
temperature established for the analysis are 1.5 MPa and 70°C respectively.  
When DNI is around 850 W/m2, the pressure losses in the Capsol-collector loop are higher than those 
occurred in the PolyTrough 1200-collector loop and, when mass flow rate varies, it causes a major change 
in the outlet water-steam pressure and, consequently, in the temperature.     
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Fig. 3. Effect of DNI on pressure losses, outlet steam fraction, and outlet temperature: (a) Capsol; (b) PolyTrough 1200 
4. Conclusions 
In the work just described, numerical results from a sensitivity analysis performed have been 
presented. The goal of the study has been to demonstrate the feasibility of direct steam generation in 
small-sized parabolic trough collectors for IPH applications demanding steam in the range of 200°C. The 
study demonstrates how important is to perform a carefully analysis during the phase of sizing the 
collector loop taking into account the impact that collector geometry can have in the thermo-hydraulic 
behavior of the solar field, especially in pressure losses occurred in the solar field. If the diameter of the 
absorber pipe is relatively small (below 20 mm), pressure losses can be so high for some operating 
conditions that direct steam generation in the solar field could not be feasible.      
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In this study, two collectors have been selected,, one of them has an absorber pipe with an inner 
diameter of 15 mm (Capsol) and the other collector has an absorber pipe with an inner diameter of 25 mm 
(PolyTrough 1200). The collector-loops length and mass flow rates have been optimized to achieve a 
temperature rise in the solar field of about 130°C, from 70°C to 200°C, and steam fractions in the outlet 
above 0.5. Sensitivity analysis has been performed to evaluate the effect of varying inlet water pressure, 
temperature and DNI in the outlet water-steam mixture.  
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